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Isolated mitochondria display a wide range of sizes plausibly resulting from the

coexistence of subpopulations, some of which may be associated with disease or

aging. Strategies to separate subpopulations are needed to study the importance

of these organelles in cellular functions. Here, insulator-based dielectrophoresis

(iDEP) was exploited to provide a new dimension of organelle separation. The

dielectrophoretic properties of isolated Fischer 344 (F344) rat semimembranosus

muscle mitochondria and C57BL/6 mouse hepatic mitochondria in low

conductivity buffer (0.025–0.030 S/m) at physiological pH (7.2–7.4) were studied

using polydimethylsiloxane (PDMS) microfluidic devices. First, direct current

(DC) and alternating current (AC) of 0–50 kHz with potentials of 0–3000 V

applied over a channel length of 1 cm were separately employed to generate

inhomogeneous electric fields and establish that mitochondria exhibit negative

DEP (nDEP). DEP trapping potential thresholds at 0–50 kHz were also determined

to be weakly dependent on applied frequency and were generally above 200 V.

Second, we demonstrated a separation scheme using DC potentials <100 V to

perform the first size-based iDEP sorting of mitochondria. Samples of isolated

mitochondria with heterogeneous sizes (150 nm–2 lm diameters) were successfully

separated into sub-micron fractions, indicating the ability to isolate mitochondria

into populations based on their size. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866852]

I. INTRODUCTION

The study of mitochondria is important due to the organelle’s significant contribution to

many cellular functions such as energy production, metabolism, cellular signaling, and

apoptosis.1–3 Mitochondria have intrinsic heterogeneous sizes and morphologies suggesting the

existence of mitochondrial subpopulations dividing into normal mitochondria of about 0.1–1 lm

in diameter4,5 and atypically sized giant mitochondria (>1 lm) which have been observed in

various pathological states and models of aging.5 Therefore, a proper subcellular separation

method to distinguish and harvest various sizes of mitochondria is needed to elucidate the role

of this organelle in cellular function. Here, we propose a novel method to manipulate mitochon-

dria, namely by their dielectrophoretic properties, in a microfluidic device. To accomplish this,

we studied the dielectrophoretic migration of isolated mitochondria under DC and low fre-

quency AC conditions and applied dielectrophoretic migration to fractionate mitochondria into

various size groups using a microfluidic sorter.
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Conventional methods to separate and prepare mitochondrial fractions are based on either size

and density such as differential centrifugation,6,7 density gradient centrifugation,7–10 and flow field-

flow fractionation,11 or charge-dependent methods such as free flow electrophoresis,10,12,13 isoelec-

tric focusing,14 and capillary electrophoresis.15 In addition, immunomagnetic isolation of mitochon-

dria has also been reported.16 However, these methods are mainly focused on isolating mitochondria

from cell cytoplasm and few have considered the separation of mitochondrial subpopulations.17

Dielectrophoresis (DEP) is an electric field gradient-based technique allowing the manipula-

tion of polarizable particles in an inhomogeneous electric field.18 In the case where DEP is the

dominating force, particles can be trapped in regions with electric field gradients. In conjunction

with other transport phenomena, concentration of particles into streams or separation can also

occur.19,20 DEP is governed by the polarization of a particle and the surrounding medium in which

it is suspended. The arising DEP force, ~FDEP, on a spherical particle can be expressed as:21,22

~FDEP ¼ 2pR3em

ep � em

ep þ 2em

� �
rj~Ej2; (1)

where R is particle radius, em is medium permittivity, ep is particle permittivity, and ~E is elec-

tric field. The component ð ep � em

epþ 2em
Þ in Eq. (1) represents the Clausius-Mossotti factor (fCM) which

governs the dielectrophoretic properties of suspended particles. When ep is less than em, fCM is

negative, thus negative DEP (nDEP) behavior is exhibited in which particles are repelled from

regions of high rj~Ej2. Conversely, when ep is greater than em rendering fCM positive, an attrac-

tion to regions of high rj~Ej2 occurs and the corresponding migration and trapping behavior is

termed positive DEP (pDEP).

Most commonly, traditional DEP applications focus on the use of electrodes to evoke elec-

tric field gradients,23,24 as utilized with a variety of biological samples, namely cells25,26 and

tissue.27–29 Observed variations in the DEP response of such samples have led to techniques

that can separate and distinguish cell lines such as various malignant or cancerous cells30–32 or

detect and concentrate bacteria.33,34 While the use of DEP for the characterization and analysis

of organelles was originally suggested by Pohl18 a few decades ago, only one DEP-based appli-

cation toward organelles was found in the literature in which mitochondria were purified from

cell homogenates in an electrode-based DEP microfluidic device.35

While with electrode-based DEP the frequency dependence of the DEP response can be

tested, the DC and low frequency DEP behavior of biological entities can also be examined

with insulator-based DEP (iDEP).26,36–40 In iDEP, electric field gradients are generated by inte-

grating insulating structures within a microfluidic device. Upon application of a potential differ-

ence between the ends of such a device, the insulating structures (in our case posts) deviate

electric field lines into an inhomogeneous distribution, creating electric field gradients at these

locations. This method has the advantage of providing uniform electric field gradients spanning

the entire microfluidic cross section, in addition to avoiding involved fabrication of embedded

electrodes and reactions at electrodes within a microchannel.41

Here, we describe the manipulation of mitochondria by iDEP in two microfluidic devices. We

investigated the iDEP migration and trapping of mitochondria under both DC and low frequency

AC conditions, and the trapping potential thresholds under a range of AC fields and frequencies

(0–50 kHz). Also, we demonstrate the first realization of iDEP size-based sorting of mitochondria

as a potential precursor to isolating biologically relevant mitochondria of different sizes.

II. MATERIALS AND METHODS

A. Chemicals

For muscle isolation buffer, sucrose was purchased from MP Biomedicals (Solon, OH,

USA), potassium chloride (KCl) and potassium phosphate (K2HPO4) were from Mallinckrodt

(Paris, KY, USA), Tris-HCl was from Teknova (Hollister, CA, USA), ethylene glycol tetraace-

tic acid (EGTA) was from Amresco (Solon, OH, USA), and bovine serum albumin (BSA) was

from Roche (Indianapolis, IN, USA). For liver isolation buffer, sucrose and EGTA were
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purchased from Sigma-Aldrich (St. Louis, MO, USA), 3-(N-morpholino)propanesulfonic acid

(MOPS) was from Acros (Geel, Belgium), and Tris was from Fisher (Fair Lawn, NJ, USA).

Nagarse and dimethyl sulfoxide (DMSO) were from Sigma-Aldrich. For buffers used in DEP

experiments, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), poly(ethylene glyco-

l)-block-poly(propylene glycol)-block-poly(ethylene glycol) (brand name Pluronic
VR

F108), po-

tassium hydroxide (KOH), and sucrose were purchased from Sigma-Aldrich. Deionized (DI)

water was from a Synergy purification system (Millipore, USA). SYLGARD
VR

184 silicone

elastomer kit for polydimethylsiloxane (PDMS) was obtained from Dow Corning Corporation

(Midland, MI, USA). Glass slides of 0.15 mm thickness were purchased from Electron

Microscopy Sciences (Gold-Seal coverslip; Hatfield, PA, USA) and platinum wire was

purchased from Alfa Aesar (Ward Hill, MA, USA).

B. Microchip fabrication

A silicon master wafer patterned with the microfluidic structures was fabricated by photoli-

thography as reported previously,42 followed by elastomer molding via soft lithography. Briefly,

the PDMS silicon elastomer base and curing agent were mixed at a 10:1 ratio (w/w), poured

onto the master wafer, degassed under vacuum, and cured in an oven for at least 4 h at 80 �C.

The PDMS mold was then peeled off of the master wafer and 2 mm diameter reservoirs were

manually punched at the channel ends. The PDMS mold and a glass slide were cleaned with

isopropanol and distilled water in an ultrasonic bath, dried in a stream of nitrogen, and treated

with oxygen plasma (PDC-001; Harrick Plasma, Ithaca, New York, USA) at high RF for 1 min.

After treatment, the PDMS mold was irreversibly bonded to the glass slide to form a sealed

microchannel system for all DC and AC experiments.

C. Mitochondria preparation and labeling

Mitochondria were prepared at the University of Minnesota according to procedures based on

mechanical homogenization and differential centrifugation from the semimembranosus muscle of a

Fischer 344 (F344) rat43,44 (hereafter called muscle mitochondria) and from the liver of a C57BL/6

mouse45 (hereafter called hepatic or liver mitochondria). For all procedures, animals were housed

in a central specific pathogen-free facility and were treated in an optimally ethical and humane

fashion using protocols approved by the Institutional Animal Care and Use Committee.

For mitochondria prepared from rat semimembranosus muscle, the muscle was excised from

an anesthetized animal and placed in ice-cold muscle isolation buffer (100 mM sucrose, 100 mM

KCl, 50 mM Tris-HCl, 1 mM K2HPO4, 0.1 mM EGTA, 0.2% (w/v) BSA, adjusted to pH 7.4). All

subsequent procedures for muscle and liver mitochondria isolation were performed on ice or at

4 �C unless otherwise noted. The sample was minced into small (�1 mm) pieces and rinsed with

muscle isolation buffer to remove blood. The pieces (�1 g total) were transferred to 5 ml of muscle

isolation buffer containing 0.2 mg/ml Nagarse (bacterial proteinase type XXIV) and incubated on

ice for 1 min. The sample was then blended with an electric homogenizer (Tissue-Tearor, Biospec,

Bartlesville, OK, USA) for three 20 s intervals. Muscle isolation buffer was added to a total volume

of 9 ml and the sample was centrifuged at 700�g for 10 min. The pellet was discarded and this

step was repeated. The supernatant was centrifuged at 10000�g for 10 min. The resulting pellet

was washed twice (10000�g for 10 min) and resuspended in 1.2 ml of muscle isolation buffer con-

taining 10% DMSO. Aliquots (50 ll each) were flash-frozen in a liquid nitrogen dewar.

For mitochondria prepared from mouse liver, the animal was anesthetized and the liver was

excised. The liver was immersed in ice-cold liver isolation buffer (200 mM sucrose, 10 mM

MOPS, 10 mM Tris, 1.0 mM EGTA, adjusted to pH 7.4). The liver was rinsed with liver isola-

tion buffer and minced into small (�1 mm) pieces. The pieces were rinsed, suspended in 5 ml

of buffer, and transferred to a glass 15 ml Potter-Elvehjem homogenizer (Wheaton, Millville,

NJ). The liver was homogenized with 3–5 strokes of a motor-driven Teflon pestle operated at

1600 RPM (Wheaton). The homogenate was centrifuged at 600�g for 10 min and the resulting

pellet was discarded. The supernatant was centrifuged at 7000�g for 10 min, then the pellet

was washed once with liver isolation buffer and centrifuged at 7000�g for 10 min.
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Mitochondria were resuspended in 4 ml of liver isolation buffer containing 10% DMSO, divided

into four aliquots, and flash-frozen in a liquid nitrogen dewar. When needed, mitochondrial

samples were transported on dry ice and otherwise stored in a nitrogen dewer. Samples were

transferred to a �80 �C freezer one day prior to the experiment. Isolation buffer was stored at

4 �C and subjected to a 0.2 lm sterile filter before use.

Mitochondria were labeled at the time of experimentation with MitoTracker Green (Life

Technologies, USA). 1 mM MitoTracker Green stock solution in DMSO was thawed to room

temperature, diluted by isolation buffer, and added to the mitochondrial sample to reach a final

concentration of 800 nM MitoTracker Green. The mitochondrial sample was incubated at 37 �C
with gentle shaking (300 RPM) for 15 min, then centrifuged (10000�g) at 4 �C for 10 min fol-

lowed by removal of the supernatant. The resulting mitochondria-containing pellet was then

resuspended in Buffer B (250 mM sucrose, 250 lM or 1 mM F108, 10 mM HEPES, pH adjusted

to 7.2–7.4 with KOH, rm¼ 0.025–0.030 S/m).

D. Microfluidic chip preparation

The following general preparation was followed for both microfluidic devices shown in

Figures 1 and 4. After assembly, all microfluidic channels were immediately filled with Buffer

A (500 lM or 1 mM F108, 10 mM HEPES, pH adjusted to 7.2–7.4 with KOH) by capillarity

and the chip was placed in a humid environment overnight to ensure complete coating of F108.

Buffer A was then removed by vacuum suction, and the channels were washed with Buffer B

three times and refilled by adding Buffer B to the outlet reservoirs.

DEP characterization and trapping experiments were performed using the microfluidic de-

vice shown in Figure 1. For this device, a PDMS holder was employed to increase reservoir

FIG. 1. (a)–(d) Schematics of the microchip (not to scale). (a) Channel top view with shaded area indicating the post region.

(b) Zoom-in of the post region. (c) Channel side cross section with PDMS reservoir holder and integrated electrodes. (d)

SEM image of the post region. (e) and (f) show numerical simulations of rj~Ej2 for a post pair based on a DC experiment

where 3000 V is applied across a 1 cm long channel. Under DC conditions (e), small arrows indicate the nDEP force direc-

tion and large arrows indicate the electrokinetic forces resulting from electroosmosis and electrophoresis. Under AC condi-

tions (f), only nDEP forces are prevalent. Note that arrow size does not represent the magnitude of the forces. For all

experiments, the electric field is applied along the y axis.
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volume and provide stability for the electrodes. The holder was � 0.5 cm thick, consisting of

5 mm diameter reservoirs that matched the channel design allowing it to be reversibly placed

onto the assembled chip. The prepared mitochondrial sample was added to an inlet reservoir

and mineral oil was added on top of both reservoirs to prevent evaporation. Platinum electrodes

attached to the reservoirs were connected via micro-clamps (LabSmith, Livermore, CA, USA)

to either a DC power supply (HVS448-6000D High Voltage Sequencer, LabSmith) commanded

by Sequence software (version 1.150, LabSmith), or an AC power supply from a high voltage

amplifier (AMT-3B20, Matsusada Precision Inc.) amplified from a Multifunction DAQ card

(USB X Series, National Instruments, TX, USA) programmed by LabVIEW 2010 (version

10.0.1, National Instruments).

The microfluidic device shown in Figure 4 was employed for sorting experiments. Outlet

reservoirs were filled with 5 ll of Buffer B prior to the experiment and at the beginning of the

experiment, 5 ll of mitochondrial sample was injected into the inlet reservoir. Positive DC

potentials ranging from þ20 to þ60 V were applied to the inlet and negative DC potentials

ranging from �20 to �60 V were applied to the outlets. Sorting was performed over a duration

of �1 h and solutions were extracted from all reservoirs for size analysis.

E. Detection and data analysis

Fluorescence images were acquired with an inverted microscope (IX71, Olympus, Center

Valley, PA, USA) equipped with a 100 W mercury burner (U-RFL-T, Olympus) and fluores-

cence filter set (exciter ET470/40, dichroic T495LP, emitter ET525/50, Semrock, USA). A 60�
(UPLSAPO60�W, water immersion, NA¼ 1.20) or 100� (UPLSAPO100xO, oil immersion,

NA¼ 1.40) objective was used to visualize mitochondrial migration in the microchannel.

Images were captured at an interval of 100 or 150 ms using a CCD camera (for DC experi-

ments: iXon X3, Andor Technology, Belfast, Northern Ireland; for AC experiments:

QuantEM:512SC, Photometrics, Tucson, AZ, USA) and Micro-Manager software (version

1.4.7, Vale Lab, UCSF, CA, USA). The data were then analyzed with ImageJ software (version

1.47d, NIH). For sorting experiments, dynamic light scattering (DLS) (Spectro Size 302,

Molecular Dimensions, UK) was used for size characterization of particle distributions in the

inlet and each outlet. A 3 ll hanging droplet was set up in a 24-well crystallization plate and

aligned to the DLS laser until a response signal was obtained. Each sample was subjected to 10

consecutive measurements lasting 20 s each. The results were combined into histograms of par-

ticle size distribution as well as signal intensity heat maps.

III. RESULTS AND DISCUSSION

The DEP behavior of muscle mitochondria and hepatic mitochondria was tested in the de-

vice depicted in Figure 1. The iDEP device consists of a 1 cm long linear channel, in which an

array of triangular insulating posts is integrated. A dynamic coating with Pluronic
VR

F108 was

utilized to significantly reduce adsorption to channel walls as well as sample aggregation.46–48

Figures 1(a)–1(c) show the device schematically and Figure 1(d) shows a scanning electron mi-

croscopy image of the post array in the PDMS channel. The PDMS mold was attached to a res-

ervoir holder which also defined the volume of the reservoirs accessing the inlet and outlet.

Mitochondrial iDEP was tested under both DC and AC conditions (up to 50 kHz). Figures 1(e)

and 1(f) show the arising rj~Ej2 around the inward facing tips of two triangular posts represen-

tative of all post pairs in the channel. Additionally, arrows indicate the direction of electrokine-

sis and nDEP for DC (Figure 1(e)) and nDEP only in the case of AC (Figure 1(f)). From this

simulation considering an fCM of �0.5, the ~FDEP acting on mitochondria with diameters of

150 nm to 2 lm ranges from �9.4� 10�14 to �2.2� 10�10 N at the post region (rj~Ej2max

¼ 1017 V2/m3) and �9.4� 10�16 to �2.2� 10�12 N away from the posts (rj~Ej2max¼ 1015

V2/m3), a two orders of magnitude difference. The applied fCM of �0.5 was obtained according

to a shell model21—derived mitochondrial conductivity of 6� 10�5 S/m.
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A. DC experiments

Mitochondrial DEP was studied under DC conditions at various electric field strengths

(0–3000 V applied across a channel length of 1 cm). We chose a physiological pH and a low

conductivity buffer similar to previous capillary electrophoresis studies on mitochondria.49

Generally, mitochondria were observed moving away from the inward facing tips of the posts

where the highest electric field gradient regions are present, indicative of nDEP. An example of

this behavior can be seen in Figure 2(a) which shows a fluorescence snapshot of muscle mito-

chondria under a DC field with a voltage-to-distance ratio of 3000 V/cm. Three typical mito-

chondria migration behaviors were observed and classified as “wiggling,” “trapping,” and “trap

hopping.” We define wiggling as mitochondria moving in-between two adjacent post pairs

along the flow direction. This behavior could result from a combination of several factors: (1)

electroosmotic flow (EOF), which drives the mitochondria toward the cathode, (2) migration of

mitochondria to the anode due to their negative electrophoretic mobility at physiological pH,49

and/or (3) nDEP forces pushing the mitochondria away from the inward facing post tips.

Because the magnitude of the DEP force is directly proportional to organelle size and the elec-

tric field gradient, the mitochondria experience unbalanced forces at varying locations within

the post array resulting in the wiggling behavior observed in the DC experiments.

The second phenomenon is trapping. When mitochondria were approaching a post pair, the

nDEP force was large enough to repel them away to areas of lower rj~Ej2 along the edges of

posts, effectively trapping them. The third phenomenon, trap hopping, is in principle similar to

wiggling; however, the mitochondria also migrate perpendicularly to the flow direction. In this

way, the mitochondria could escape high rj~Ej2 regions before being trapped and continue

migrating longitudinally until they were randomly trapped by another post pair downstream. In

real time, this appeared as though the mitochondria were hopping between post pair sections,

hence the designated term. Figure 2(a) provides a snapshot of each of the three mitochondrial

migration phenomena with arrows indicating the distinct migration mechanisms occurring.

B. AC experiments

AC frequencies ranging from 0 to 50 kHz were tested in the same chip under varying

applied potentials. As expected, the DEP trapping behavior was pronounced since the

FIG. 2. Behaviors of (a) muscle mitochondria under DC conditions at 3000 V and (b) hepatic mitochondria under AC con-

ditions at 180 V and 50 kHz across the 1 cm long channel. Scale bar is 30 lm. One row of posts and the channel edges are

outlined in each figure; the other rows of posts are indicated by stars. In (a), the thinnest arrows point at mitochondria wig-

gling in-between adjacent rows of posts, the medium thickness arrows point at those trapped at the edges of posts or away

from the inward facing tips of the posts (nDEP trapping), and the thickest arrows point at those migrating in-between sev-

eral rows of posts quickly (trap hopping). In (b), AC iDEP trapping is shown. Since electroosmotic flow is suppressed under

AC conditions, mitochondria were attracted toward the edges of the posts immediately when voltage was applied

(Multimedia view) [URL: http://dx.doi.org/110.1063/1.4866852.1] [URL: http://dx.doi.org/110.1063/1.4866852.2].
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electrokinetic component supporting the wiggling and trap hopping phenomena was suppressed.

Upon the application of AC signal, the mitochondria were attracted to the edges of the posts

where rj~Ej2 is low (Figure 2(b)), again indicating nDEP trapping in accordance with the DC

experiments.

In addition, we studied the potential threshold at which the mitochondria began to exhibit

significant trapping behavior, as demonstrated in Figure 3 for AC frequencies ranging from 0 to

50 kHz using seven devices with about 100 mitochondria per potential tested. The large varia-

tion observed at each frequency, shown as error bars, is expected from the natural size distribu-

tion of mitochondria in the sample. Consequently, Figure 3 shows that the trapping potential

threshold for heterogeneous mitochondria is weakly dependent on frequency. Furthermore, the

data were collected from highest to lowest frequency over the duration of each single experi-

ment; therefore, a possible reason for the increasing error at low frequencies may be the longer

exposure of the mitochondria to the electric field (while residing in the chip). This exposure

could cause changes in their DEP properties over the course of the experiment and could also

lead to mitochondria aggregation. Additionally, at low frequencies, EOF is not completely sup-

pressed since a considerable DC component is acting in each half period of the periodic poten-

tial (as tested with an oscilloscope). This could also explain why the potential required to trap

the mitochondria was somewhat higher at low frequencies compared to high frequencies.

To elucidate the observed behavior for mitochondria, the DEP properties of 0.87 lm poly-

styrene beads were also studied as they have been demonstrated to be a good model particle for

characterizing iDEP devices.36,38,40 With an estimated conductivity of 0.001 S/m,50 polystyrene

beads are expected to show nDEP behavior40 under the same experimental conditions

(rm¼ 0.025–0.030 S/m) used for the mitochondria. As such, these beads provided a reference

for nDEP behavior. The results of these experiments, shown in the supplementary material

(Figures S1 and S2),51 support the conclusion that mitochondria exhibit nDEP since the polysty-

rene beads resemble the migration behavior of the mitochondria using the same conditions and

microfluidic device.

Additionally, we note that for both DC and AC experiments, currents never exceeded

10 lA, even at the largest potentials tested, and power dissipation is on the order of a few tens

of mW. A considerable heating and temperature rise above 37 �C within the device are thus

only expected for larger potentials applied (>100 V), such as examined by Chaurey et al.,52

and over long durations (several minutes to hours). If potentials are kept small, effects on mito-

chondria viability are expected to be marginal and other assays on viable mitochondria can be

performed after iDEP experiments. Consequently, low applied potentials on the order of 100 V

FIG. 3. The dependence of trapping potential threshold on frequency for muscle mitochondria and hepatic mitochondria

(n¼ 7). In general, mitochondria can be trapped at applied peak-to-peak potentials above 200 V across the 1 cm long chan-

nel and at frequencies between 0 and 50 kHz.
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were used to test iDEP mitochondrial sorting into subpopulations. We also note that consider-

able pH gradients can occur in iDEP experiments; however, when the applied potentials are

small and durations on the order of minutes are not exceeded, considerable pH variations are

not expected.53

C. Mitochondria sorting by nDEP

Based on our study of mitochondrial iDEP, we investigated iDEP sorting of hepatic mito-

chondria using a microfluidic sorter previously developed for sorting nanobeads and protein

nanocrystals by nDEP.40 A schematic of this device can be seen in Figure 4(a) in which six dif-

ferent microchannels (I: inlet, 2�O: outer, 2�MO: midouter, C: center) are employed for par-

ticle fractionation. Mitochondria of various sizes were introduced in the inlet reservoir (I) and

DC potentials were applied to all channels to transport the organelle downstream by EOF. The

zoomed in region shows a numerical simulation of rj~Ej2 at the constriction area connecting

the inlet to the outlets where electric field lines converge to establish an inhomogeneous electric

field inducing nDEP. Areas of high rj~Ej2 (red), three orders of magnitude larger than the wide

inlet channel (blue), form and repel larger mitochondria with a greater ~FDEP from constriction

walls, per Eq. (1). Consequently, the sorting principle is based on the varying magnitude of
~FDEP experienced by differently sized mitochondria flowing through the device.

As a proof of principle that this sorting mechanism could be applied to mitochondria, the

sorter was set up with DC voltages of þ20 to þ60 V in I, �20 to �60 V in C, and 0 V in MO
and O (low potentials were used to reduce Joule heating effects that could potentially damage

the sample). The optimal potential scheme was determined to be �60 V I, þ60 V C, and 0 V

MO and O in which upon entering the constriction, large mitochondria experiencing a greater

nDEP force focus into the center outlet channel (C), as shown in Figure 4(b). Conversely, small

mitochondria experiencing lesser nDEP forces are only marginally influenced by nDEP at the

constriction and therefore can deflect into the O and MO outlet channels. Because small mito-

chondria can have a sub-micron size range, they are difficult to detect with optical microscopy

as they are either below the resolution limit or have weak fluorescence emission indistinguish-

able from the background. Therefore, DLS was used to detect and quantify the size distribution

of each fraction collected after �1 h of sorting at the optimized potentials (Figure 5).

In the upper half of the figure, histograms are shown illustrating the detected particle size

distributions in each reservoir and in the lower half, scattering intensity heat maps with respect

to particle size in each reservoir are shown. Figure 5(a) illustrates the expected large size distri-

bution of the injected bulk mitochondrial sample ranging from �300 nm to 2 lm diameters.

Because the entire sample, namely the larger mitochondria, focuses into the center outlet, a

similar distribution is seen in Figure 5(b). The smaller mitochondria ideally fractionate into the

FIG. 4. (a) Schematic of the microfluidic device employed to sort hepatic mitochondria. The device consists of one inlet

channel (I) and five outlet channels (O: outer, MO: mid-outer, C: center) with reservoirs at all channel ends (not shown).

The mitochondrial sample is injected into the inlet reservoir and transported through the device via electroosmosis. The

zoomed in region shows the constriction area where inhomogeneous electric fields are generated, creating areas of high

rj~Ej2to induce DEP. Scale bar is 20 lm. (b) Fluorescence microscopy image of the constriction region during a mitochon-

dria sorting experiment. Applied potentials are þ60 V in I, �60 V in C, and 0 V in MO and O. As shown, large particles

focus into the center outlet channel (C) due to greater nDEP forces repelling them from areas of high rj~Ej2 (Multimedia

view) [URL: http://dx.doi.org/110.1063/1.4866852.3].
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side outlet channels MO and O, which is shown in Figures 5(c) and 5(d) as both having sub-

micron distributions. Surprisingly, an even more desirable effect is seen here as the MO fraction

has a measured size range of �200–600 nm, whereas further fractionation occurs in O which

was measured at �150–350 nm. In total, three fractions of decreasing size from C to O were

obtained, indicating that the nDEP properties of mitochondria can be exploited for size-based

sorting. Furthermore, from a typical loading of 5 ll of sample containing 106 mitochondria, anal-

ysis of the obtained fractions show that from a bulk mitochondrial preparation, large mitochon-

dria can be separated from small mitochondria. For an outlet reservoir, the estimated recovery is

�105 mitochondria per reservoir. This amount is sufficient for further analysis such as the mea-

surement of membrane potentials,54 mitochondrial respiration,55 or proteomics studies.56

To help establish and support this optimized potential scheme, we also simulated the sorting

experiments using Comsol Multiphysics with a numerical model considering DEP,38 EOF,38 and dif-

fusion acting within an exact replica of the microfluidic device geometry (further detail on the

physics and parameters considered in the simulation can be found in the supplementary material).51

This numerical method was successfully applied to the previously mentioned sorter developed to

FIG. 5. Size analysis by dynamic light scattering of the sorted hepatic mitochondrial sample. The upper frame shows the

histogram size distributions of detected particles and the lower frame shows the heat maps of scattering intensities with

respect to particle size (blue¼ lowest, red¼ highest, y-axis spans the measurement time). (a) Size distribution of the

injected inlet solution. A wide distribution (�300 nm–2 lm diameters) is observed, qualifying the need for sorting. The

smallest particles detected in other fractions are not seen due to their significantly lower scattering intensities. (b) Size dis-

tribution of the fraction collected from the C outlet which has the same wide distribution as the inlet since all sample par-

ticles flow here. (c) Size distribution of the MO fraction which is shifted towards a smaller particle size range of �200

–600 nm. (d) Size distribution of the O fraction showing a further shift towards an even smaller size range of

�150–350 nm. As observed, the mitochondrial sample was fractionated into three size groups, decreasing from the C to O
outlet channels.

FIG. 6. Simulated relative concentration profiles of the nDEP sorting mechanism supporting the optimized potential

scheme for mitochondria sorting shown experimentally in Figure 4(b) (þ60 V in I, �60 V in C, and 0 V in MO and O).

Two representative particle sizes were studied (500 nm and 2 lm diameters). As expected, the larger particles focus into the

C outlet, whereas the smaller particles deflect into the MO and O outlets, effectively sorting and isolating them.
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fractionate nanocrystals,40,57 thus we employed the same physical model adapted to mitochondrial

DEP parameters. The Transport of Diluted Species module was utilized to obtain relative concentra-

tion profiles (Figure 6, zoomed in to the constriction region) of two representative particle sizes,

500 nm and 2 lm diameters, with nDEP characteristics (fCM¼�0.5). The resulting profile of the

smaller 500 nm particles illustrates complete deflection (>90% rel. conc.) into all outlet reservoirs

due to a weak influence of DEP. Under the same conditions, the corresponding profile of the larger

2 lm particles illustrates DEP driven focusing into the C outlet channel (>90% focused, <10%

deflected). Consequently, these simulation results agree with expected migration trends.

IV. CONCLUSION

In summary, we studied the DEP properties of isolated mitochondria from Fischer 344

(F344) rat semimembranosus muscle and C57BL/6 mouse liver and elucidated that they exhibit

nDEP behavior. This was performed using a surface treated PDMS microfluidic device with

DC (0–3000 V) and AC (0–50 kHz) electric fields applied across a 1 cm long channel containing

media with a conductivity of 0.025–0.030 S/m at physiological pH. The trapping potential

thresholds for mitochondria at the applied frequency range were generally above 200 V and

were found to be weakly dependent on frequency. These conclusions were confirmed by a

model study utilizing 0.87 lm polystyrene beads known to exhibit nDEP, since their behavior

within the post array was in agreement with that of the mitochondria under the same conditions.

Moreover, the DEP-based sorting experiment conducted at low DC potentials successfully

sorted mitochondria into various size fractions. The size range investigated is highly compatible

with separations of “giant” mitochondria observed under conditions of disease and aging.5 To

the best of our knowledge, this is the first time that iDEP sorting of an organelle type, specifi-

cally mitochondria, has been demonstrated. Additionally, we emphasize that the amount of

sorted mitochondria is suitable for most ensuing studies and negative effects due to iDEP

manipulation are greatly suppressed due to the low potentials applied in the sorting device.

Overall, this study provides important information about mitochondria under both DC and AC

conditions, contributing to a foundation for future development of mitochondrial subpopulation

separation and applications to investigate their role in aging and disease.
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